A simple, five-parameter force field approximation for the out-of-plane vibrations of aromatic molecules is applied to anthracene and pyrene. The calculated frequencies are remarkably well compatible with previous calculations and observed data. Among the given experimental frequencies are new data recorded in infrared for anthracene and both in Raman and infrared for pyrene.
Introduction
In the previous part [1] of this paper series a simple force-field approximation for the out-ofplane vibrations of aromatic molecules was developed. The benzene and naphthalene molecules Avere analysed. In the present work the force field is applied to anthracene and pyrene.
A force-constant matrix is based on a set of conventional valence coordinates including redundancies. Specifically two "boat" torsions are defined for every CC bond and one out-of-plane bending for every C atom. The nonvanishing force constants are all given by the following five parameters; values in mdyne/A: values were developed during the analysis of benzene and naphthalene [1] . No additional parameters are included in the present extension of the application of the force field.
Anthracene

Calculated Frequencies
An analysis of the in-plane vibrations of anthracene is reported in Part II [2] of the series. Part I [3] gives reference to the applied structural parameters. which are adopted also in the present work. A complete set of independent S3^mmetry coordinates is given elsewhere [4] , In the construction of the out-of-plane force field 10 parameters fy were needed, 4 of/*, 32 of /<5, 14 of föö and 2 of f*öö. Table 1 shows three sets of calculated out-ofplane frequencies for anthracene. The sets are due to: (1) Krainov [5] , who performed an elaborate force-constant analysis involving many interaction terms. Details from the analysis are not reported. (2) Evans and Scully [6] , who applied the sevenparameter approximation of Whiffen et al. [9, 10] . (3) The present results of the five-parameter approximation [1] .
Experimental Raman Frequencies
The assignments of recorded Raman lines for anthracene have been very uncertain and contra-0340-4811 I 80 / 1200-1390 $ 01.00/0. -Please order a reprint rather than making your own copy. dictorv until recently. Some experimental Raman frequencies from 1964 [11] are quoted in the work on the infrared spectrum by Bree and Kydd [8] .
Assignments from 1968 [12] and 1969 [13] are quoted elsewhere [7] . In Table 1 we were able to produce an almost complete assignment in Species Big and B2g using Raman data recorded in our laboratory [2] , None of these bands has been used in the previous assignment of inplane frequencies for anthracene [2] . Only one fundamental in the B2g species is unobserved.
Krainov [5] used 852 cm -1 in place of our unobserved frequency, making reference to LandoltBörnstein tables from 1951. He has assigned a very weak band of 852 cm -1 to both Ag (in-plane) and B2g (out-of-plane; our notation). Otherwise the three quoted Landolt-Börnstein values (745, 474 and 577 cm -1 ) assigned to out-of-plane vibrations by Krainov [5] are fairly compatible with the Klaeboe values.
Among the Raman frequencies observed by Colombo and Mathieu [14] , quoted by Evans and Scully [6] and assigned to in-plane vibrations, the 475 cm -1 band evidently corresponds to one of our Big (out-of-plane) fundamentals.
A modern re-investigation of the Raman spectrum of anthracene is due to Räsänen et al. [7] . This excellent work is a continuation of a similar investigation of naphthalene by Stenman [15] . It is interesting to notice the extremely good agreement of the experimental assignment of Raman inplane (Ag and B3g) frequencies of Räsänen et al. [7] with our independent assignment of the frequencies [2] . Also for the out-of-plane frequencies we find a close correspondence (cf. Table 2 ). For the missing frequency in Species B2g we have adopted the very weak band (896 cm -1 ) reported by Räsänen et al. Table 3 gives a survey of modern infrared records of anthracene frequencies assigned to out-of-plane vibrations. All the quoted data pertain to the crystalline phase; hence some inactive Au frequencies may also be observed. Three of the works [16 -18] have given almost identical assignments for the infrared-active B3U frequencies. The later work of Bree and Kydd [8] represents an interesting innovation. Their 600 cm -1 band is assigned as the lowest B2u (in-plane) frequency. This interpretation was also adopted in our analysis of the in-plane vibrations of anthracene [2] , The lowest B3U fundamental as 110 cm -1 [8] is confirmed by all the calculations reported in Table 1 , but neither 166 cm -1 [8] or 278 cm-1 [16, 18] cannot use 392 cm -1 from a misquotation of Bree and Kydd [8] . It appears from the original work [17] that this frequency pertains to 9, 10-dibromoanthracene. But Bree and Kydd [8] have reported a weak band at 380 cm -1 and Colombo [18] at 384 cm -1 . They have assigned them as combination bands. We suggest these bands to be B3U fundamentals. This opinion is strongly supported by all the calculations reported in Table 1 . Table 4 shows details below 1000 cm -1 of the infrared spectrum from Klaeboe's laboratory. They have not been published previously. The experimental conditions and bands assigned to in-plane vibrations (Biu and B2U) are reported elsewhere [2] . For the sake of comparison also the details from the infrared spectrum of Bree and Kydd [8] are shown (Table 4 ). Finally we have included the recently reported observations of Vodehnal et al. [19] . These workers have not indicated a precise assignment of their frequencies, but suggested characteristic regions and approximate modes.
Experimental Infrared Frequencies
The three sets of calculated frequencies (Table 1) are seen to be very nicely compatible with each other. In many instances our simple approximation tends to confirm the results of Krainov [5] from his elaborate analysis rather than the results of Evans and Scully [6] from the Whiffen approximation [10] . 
Pyrene
Calculated Frequencies
The in-plane vibrations of pyrene are treated in Part III [20] . That paper also includes the reference to structural data and a complete set of independent symmetry coordinates.
In our five-parameter approximation the different parameters enter into the force-constant matrix in the following way. There are 10 parameters fy, 6 of /*, 38 of fo, 14 of foo and 5 of f6S. 
Observed Frequencies
The assignment of infrared and Raman frequencies to the out-of-plane fundamentals of pyrene due to Bree et al. [21] is shown in Table 5 . The last column of this table shows our frequency values. They have not been published previously, but the experimental conditions and an assignment to inplane fundamentals is given elsewhere [20] . In Table 6 we give the observed frequencies below 1010 cm -1 from this work along with a tentative assignment of fundamentals to the different species. Notice that Ag, B3g) Biu and B2u are the species of in-plane modes. Our experimental assignment for the out-of-plane modes (Table 5) basically confirms the one of Bree et al. [21] . There are some hardly significant discrepancies for the highest frequencies of B2g; our calculation indicates that three of them should be above 900 cm -1 . We have assigned rather arbitrarily 221 and 268 cm -1 to Big and B2g, respectively, because it fits somewhat better the calculations than the opposite choice. Bree et al. [21] have chosen the opposite assignments, viz. 227 cm -1 (B2g) and 263 cm-1 (Big).
In conclusion we find the application of our fiveparameter approximation to the out-of-plane vibrations of pyrene to be very successful.
Future Prospects
The developed force-field approximation is simple enough to be extended to larger condensed aromatic molecules. Applications to triphenylene, naphthacene and pentacene are in progress. Out-of-plane force fields for these molecules have not been developed previously, as far as we know, although inplane force-field analyses have been reported [22, 23] .
A clcnowledgements
We wish to thank J. E. Gustavsen for having recorded the infrared and Raman spectra. Financial support to BNC from The Norwegian Research Council for Science and the Humanities is acknowledged. Tables 2 and 3. 
